Highlight
The removal of several inches of soil by wind from unprotected seedbeds is not uncommon.
The erodibility of bare soil by wind is a function of wind velocity and turbulence, soil texture and structure, roughness of the soil surface, moisture content of the surface soil, and the size of the bare soil area. Reduction of wind velocity at the soil surface is one of the main principles in the control of wind erosion, because the force of the wind varies as the square of its velocity (Chepil, 1957) . Therefore, even a slight reduction in wind velocity near the surface provides a marked reduction in erosion potential.
One of the most effective methods for reducing wind velocity at the soil surface is to prepare the seedbed so that the surface has a maximum roughness. A rough ground surface is more resistant to wind erosion than a smooth one because the rough surface reduces the wind velocity and traps dislodged particles before they attain enough velocity to become abrasive (Chepil, 1957) . Maximum roughness often is obtained by deep plowing. The effectiveness of deep plowing is determined by its success in reducing the erodibility of surface soil particles (Chepil et al., 1962) . Rough plowed soils are seldom good seedbeds, however, due to poor moisture holding capacity of the exposed clods. Deep plowing stops wind erosion, at least temporarily, if the subsoil turned up to the surface is cloddy and contains more than 12% clay (Hobbs, 1957) . With a soil containing less than about 15% clay, additional treatments designed to increase surface roughness and bulk density are needed. Therefore, we theorized that resistance to wind erosion can be increased by packing ridges in freshly-plowed sandy soils. A technique for modifying the surface of sandy soils to reduce the amount of wind erosion was developed in 1965 (Hyder and Bement, 1969) . This technique consists of plowing when the soil is moist and packing with a heavy packer wheel. The first model of the roller was designed to make flat bottom furrows 4 inches wide separated by ridges 2.25 inches high. The packed ridges had a top angle of 120" and a spacing of 12 inches.
Field testing in 1965 indicated that the roller firmed moist soil adequately but left the ridges with a great deal of lateral cleavage.
After additional field testing in 1966, a second model was built. This roller was designed to form a succession of adjacent ridges having a height of 4 inches, a top angle of 113", and a spacing width of 12 inches (Hyder and Bement, 1969 One-half-inch hardwood dowels 12 inches long were established in the furrows of the ridged relief (and in the roughplowed soil) as elevational references for determining subsequent relief erosion. Five sets of 4 dowels each were established in each plot. All dowels were set with an exposed height of 4.0 inches.
Thereafter, dowel heights were measured to determine furrow fill, and the heights of ridges (or plowed soil) between dowels were measured to determine ridge erosion.
Soil bulk densities of the surface 3 inches of soil in the furrows and ridges were obtained from cores cut while the soil was wet to near field capacity.
Daily amounts of wind movement and precipitation were measured by standard U.S. Weather Bureau instruments as factors relevant to erosion.
Results

Wind Tunnel Experiments
The degree of reduction in wind velocity near the surface of ridges varies with position on the ridges and with free wind velocity.
The least reduction, with a free wind velocity of either 13.6 mph (20 fps) or 34.1 mph (50 fps), is directly above the ridge tops (Figures 2 and 3 ). This reduction is about 50 and 60% of free wind velocities of 13.6 and 34.1 mph, respectively.
The greatest reductions, amounting to 75 and 90% of the low and high wind velocities, respectively, are above the furrows.
Minimum wind velocities above the furrows are about the same (< 4 mph) for both free wind velocities. Minimum wind velocities prevail to a height of l/2 inch or less above the surfaces.
Above these heights, the mean velocity increases geometrically with additional height, and attains the free wind velocity at about 10 to 20 inches.
Since the erosive force of wind varies according to the square of velocities, the wind-tunnel model of ridges reduces the erosive force to about % at minimum effect and to about l/SO at maximum effect.
Vertical fluctuations of the isotach lines indicate wind turbulence near the soil surface (Figures 4  and 5) . Turbulence is primarily a matter of vertical displacement with a free wind velocity of 13.6 mph.
However, at a free wind velocity of 34.1 mph, the turbulence creates a reversal in wind direction between some of the ridges. This reversal in direction, as indicated by the yarn flags, forms a rotary movement that is very transient. It increases between a pair of ridges until it can no longer be contained, then disintegrates only to reform-usually between the next leeward pair of ridges.
In the rotary movement, the greatest instability occurs on the leeward slope of a ridge. Wind instability produces small depositions of silt on the leeward slopes in the field.
Field Experiments
Ridge erosion and furrow fill for different ridge directions changed from one period of observation to the next; but these effects were independent of ridge direction when averaged over all periods of observation (Table  1) . The directional effect within periods of observation is attributed to wind driven rain and hail, and is interpreted as an essentially random variable among storms. Highintensity rain (often with hail) falls from thunderstorms that normally move eastward from the Rocky Mountains.
Nevertheless, the wind movement associated with these storms has no uniform direction over fixed ground positions. Furrow fill exceeded ridge erosion in the first period of observation (April 4 to 14) because initial furrow fill required only small amounts of soil compared with that required to reduce the height of ridges (Table  1) . Over all four periods of observation, ridge erosion amounted to 1.45 inches and furrow fill amounted to 1.03 inches.
Among the four periods of observation, the amounts of ridge erosion and furrow fill increased in approximate relation to the amounts of precipitation (Table 1 ). The effects were more closely related to the amounts of high-intensity precipitation. In each of the first two periods of observation (April 4 to 14 and April 14 to May 24), the erosive effects were associated with a single highintensity rain (Figure 6 ). In periods 3 and 4 (May 24 to June 7 and June 7 to July 17), which included 3 and 7 high-intensity rains, respectively, the erosive effects were correspondingly greater than in the earlier observation periods. Since highintensity winds were encountered primarily in the second period of observation, and not at all in the fourth period, it is obvious that the erosion of the surface-soil relief was caused by rain. On the other hand, wet soil is more resistant to wind erosion than dry soil.
The ridged relief was almost completely eroded down by July 17. Precipitation in the period from April 4 to July 17 amounted to a total of 17.3 inches; however, this amount was greater than for corresponding periods in any of 28 previous years. Mean precipitation amounts for the last 29 years are 12.2 inches annually, and 7.5 inches in the 4 months April through July. With reference to the high-intensity rains in the 4 months April through July, the mean annual count is 4.3 storms producing precipitation in excess of 0.5 inch and 1.8 storms producing precipitation in excess of 1.0 inch. Consequently, a packed soil relief generally would last longer than in this example.
Even with the excessive precipitation in 1967, the ridges withstood erosion long enough for grass establishment. MARLATT ridges 4.0 inches high, the mean ridge elevation attained was only 2.7 inches. The plowed-soil relief had an average elevational profile of 1.1 inches, but the dowel system of measurement was less well adapted to the plowed than to the packed relief. Nevertheless, the greater durability of the packed relief is readily apparent.
Soil bulk densities are relevant to the study of soil erosion as well as to the study of seed-soil and plant-soil systems. Soil bulk densities in the surface 3 inches were 1.15 gm/cm3 in freshly plowed soil, 1.25 gm/cm3 in the ridges of packed soil, and 1.45 gm/cm3 in the furrows of packed soil. The bulk density of unplowed soil (1.43 gm/cm3) was considerably lighter by the "coring technique" than was obtained previously by the "clod technique" (Everson et al., 1969) .
Discussion
Although the importance of surface soil roughness for the control of wind erosion has been known and applied for many years, the mathematical characterization of the effects of systematic patterns of roughness has not been completely formulated.
Our results indicate a great potential value of such information for seedbed preparation and grass establishment.
Various ridge heights, shapes and spacings need to be considered; and will be evaluated in subsequent work at the Colorado State University Engineering Research Center.
Although the packing of ridges has prevented wind erosion in the field, we recognize some deficiencies with present implementation. The lateral cleavage of soil in the ridges has been described in a previous paper (Hyder and Bement, 1969) .
AND HYDER
We would like to reduce lateral cleavage and increase soil bulk density in the ridges. Both of these effects would make the ridges more durable against the forces of both high-intensity precipitation and wind. The movement of soil from ridges to furrows presents some hazard with respect to covering grass seeds (planted in the furrows) too deeply.
In subsequent experiments on grass establishment, soil physical conditions and moisture relations need to be defined more completely. Some revision of ridge configuration may be needed to facilitate the seeding operation. The prospect of stopping wind erosion by packing ridges in soils that cannot be controlled by deep plowing alone appears entirely feasible.
